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Abstract 
The rehabilitation of ports, coastal areas, polluted logistics platforms, as well as old industrial 
contaminated sites and respective accessibility passes by the remediation of the contaminated soils, 
eventually considering its reuse in future landfill construction processes or other transport 
infrastructures. 
The remediation processes usually involves a set of actions with more or less impact on the surrounding 
areas, but especially in mobilizing equipment, which always introduce some functional entropy in these 
areas. The use of nanoparticles allows remediation to a significant reduction of equipment involved, and 
moreover allows obtaining results in reduced periods of time. 
In Portugal some pilot tests recently took place, using zero-valent iron nanoparticles (nZVI), in a metal 
contaminated brownfield. The implementation of the in situ testing was preceded by the physical and 
chemical characterization of soils, groundwater and lixiviates produced by contaminated soils. The 
effect of different nanoparticles dosing was also tested in laboratory. 
This report describes the site tests procedures and resumes the obtained results, taking in consideration 
the unknown aspects already mentioned.  
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1 Introduction 
The Barreiro Industrial area, currently managed by the Baia do Tejo Society, is of vital importance 
in the context of maritime and river transport and consequently on the financial aspects that an 
infrastructure of this nature brings to the region. Despite the successive improvements that this old 
industrial area has been suffering, there are deep scars in terms of environmental liabilities and any 
intervention to make this industrial space will involve not only improving access conditions and port 
infrastructure, but also the need to careful management of soils, which may or may not be moved, given 
the constructive interventions that are likely to occur if the future container terminal there will take 
place. 
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In the Barreiro industrial area, despite the superficial removal of old deposits of ash and pyrite slag 
that occurred between the years 2008 and 2010 a subsurface range of soils present on this extensive 
industrial area are contaminated with labouring residues. On the other hand and in consequence of 
continuous leaching that these contaminants have been suffering over the years, the groundwater level 
reveals the presence of several of those contaminants. Due to the proximity of the Tagus River, the 
groundwater level varies between 4.5 to 5.0m below the ground surface. 
One problem that arises in this old industrial site, is that every day migrate to the Tagus river or just 
affect surrounding aquifer areas, contaminants dissolved in groundwater and that by failing to promote 
a mitigating action of these processes, enhances the maturation phenomenon of those contaminants in 
the environment, greatly hindering the decontamination of soil and consequently of their existing 
aquifers. The significant environmental impact, at all levels, of these soils removal for hazardous or non-
waste landfill, or for the CIRVER centres, as well as the inability to reuse these soils in construction 
processes without prior treatment leads to opt for the use of new technologies for in situ remediation. In 
this context the use of specific nanoparticles, which promotes the decontamination of soil and 
groundwater, without resorting to its removal, and wherein the minimum environmental impact versus 
maximizing the remediation, clearly supports its use. 
The remediation of soils with use of nZVI is an emerging technology. Successful track record in 
various European countries, particularly in Central and Eastern Europe, but also in the United States and 
Japan occurred, where several patents of this product have already been implemented. In Portugal this 
new technology is still in experimental stage and recent studies conducted in the industrial area of 
Barreiro were published realizing in this document, some of those conclusions. 
2 The Zero Valent Iron Nanoparticles 
Nanoremediation use aqueous suspensions of very small particles (called nanoparticles) to treat and 
degrade contaminants in soil or groundwater. There are several definitions of the term “nanoparticle”. 
In general it describes a particle having one or more dimensions of 100 nanometers or less. A nanometer 
is one thousand millionth of a meter, which can be written as 10-9 m. A single human hair has a diameter 
of 50.000 to 100.000 nanometers. This would mean that perhaps as many as 1.000 nanoparticles made 
of iron could fit across a single hair. Nanoparticles of Fe(0) have recently become a strategic material 
with great application potential in the broad range of modern nanotechnologies. Due to their 
extraordinary reduction capabilities (figure 1), small size in the range of several tens of nanometers and 
high reactivity with a broad spectrum of toxic substances, these ultrafine particles are highly applicable 
in the reduction technologies of groundwater remediation and waste water treatment.  
 
Figure 1 – Schematic three dimensional presentation of the nZVI regarding the double effect of reduction process 
and adsorption of the heavy metal on its surface. 
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In comparison with other frequently used procedures for water treatment, the treatment exploiting 
of Fe(0) nanoparticles represents environmentally friendly technology since non-toxic and nature-
abundant iron oxides (mainly magnetite - Fe3O4) are the products of transformation of Fe(0). 
 This figure 1 also shows the porosity of the nanoparticle, which is also an important factor in 
physicochemical reactivity. Zero-valent nanoiron can also be coupled with trace metals (ex. Pt, Pd, Ag), 
showing significantly enhanced reaction. Nanoiron is potentially benign to the environment and, 
ultimately, is mainly transformed into Fe3O4 and Fe2O3, which are abundant on earth (Copyright © 2007 
GeoNano Environ. Tech., Inc.).(Cook, 2009). Elemental iron slowly oxidizes to ferrous iron and releases 
two electrons. These electrons begin to function in a variety of reactions that lead to the transformation 
of target contaminants. Elemental iron can be oxidized by many substances in the environment in 
accordance with the following oxidation half reaction (1): 
 
Fe0 (s) ڮ Fe2+ (aq) + 2e- (aq)                                                 (1) 
 
For this specific project in Barreiro it was used the NANOFER 25S ® which is an aqueous dispersion 
of Fe(0) nanoparticles stabilized by a biodegradable organic and an inorganic modifier. Nanoparticles 
of zero-valent iron exhibit an average particles size of 50 nm, an average surface area of 20-25 m2/g, a 
narrow particle size distribution of 20-100 nm and a high content of iron in the range of 80-90 wt.%* 
For the present study and according the producer† data, the NANOFER25S® has the following 
composition summarized in Table 1. 
 
Chemical composition of Fe0 nanoparticles 
 
Fe (core), FeO (capsule) 
Percentage by mass of the solution 
Fe0 mass of the solid fraction 
Other substances of the solid fraction 
Other substances in the liquid fraction 
20% 
80% 
Fe3O4, FeO, C 
Organic stabilizer 
Particle shape Spherical 
Fe0 particle size d50nm < 50 
Specific surface > 25 m2/g 
Color Black 
Density of the solution 
Fe0 density 
Fe3O4 density  
1 210 kg / m3 
7 870 kg / m3 
5 700 kg / m3 
Table 1: Nano Zero Valent Iron specifications 
2.1 The Environmental Impact of the Use of Nanoparticles 
Uncertainties about the environmental impact of the use of reactive nanoparticles to ecosystems is 
identified as a key factor to the restricted use of them in soil and groundwater remediation. The European 
NanoRem project‡ is addressing this issue and as part of the project, to build knowledge, confidence and 
provide regulators and other stakeholders evidence whether or not the technology is environmentally 
harmful to the natural ecosystem functions of soil and groundwater. According the recent press release 
from the NanoRem investigation group, no significant toxicological effects were found on soil or water 
organisms when ecotoxicological tests were undertaken for a range of nanoparticles that could be used 
for remediation projects, namely NanoFer 25S, made from nanoscale zero-valent iron; Carbo-Iron, a 
composite made from activated carbon and zero-valent iron; Fe-Oxide, nanoscale goethite and Fe-
Zeolites, aluminosilicate containing an iron catalyst. Nanoparticles were tested for their effects on a 
                                                           
*
 http://www.nanoiron.cz/en/characteristics-of-iron-nanoparticles 
†
 www.nanoiron.cz 
‡
 http://www.nanorem.eu/Displaynews.aspx?ID=824 
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range of organisms, mostly using standard methods published e.g. by the Organisation for Economic 
Co-operation and Development (OECD).  
Ecotoxicity testing will continue for any new nanoparticles or formulations developed as the 
NanoRem project progresses. The project has also been looking at how nanoparticles reactivity and 
toxicity change with time. It is believed that as nanoparticles interact within the soil matrices they 
become less reactive, and therefore less toxic with time. NanoRem’s findings confirm this anticipated 
trend which is very similar to how chemicals in general react in soil. As chemical contaminants age in 
the soil, their reactivity is reduced along with their bioavailability and toxicity. 
3 The Tested Area Framework 
The investigation program was conducted inside a brownfield site, located in southern Lisbon, in the 
left bank of the Tagus River (Figure 3), in the town of Barreiro, between December 2010 and November 
2011.Given the estuarine conditions, the tidal effect influences the water table intersected in the test 
area, which is positioned approximately 4.5 to 5.0 m deep, from the ground surface. 
3.1 Geologic and Hydrogeological Local Context 
The ground of the testing area belongs to the Pliocene detrital formations (PSM-Formação de Santa 
Marta; Pais et al., 2006) (figure 3).  
 
Extract from the Portuguese Geological Map – Part 34-D from Lisbon, scale 1:50 000 
Figure 3 – Location of the Barreiro site area in the geological map 
From the base to the top occurs a very little thick and discontinuous conglomerate, followed by fine 
to coarse arkosic sand, of fluvial genesis (Figure 3). The colors range from white to red or yellow. Blocks 
of Cretaceous sandstones and chert nodules occur within the sands. Kaolinite and illite predominate in 
the clay fraction. 
Boreholes performed in this area intersected coarse to fine yellow to orange sand, with a silty-clay 
matrix, and some interbedded centimetric clay levels with reddish color (Caldeira et al, 2012). 
This area is part of the left margin aquifer system of the Tagus-Sado Basin, a multi aquifer, free, 
confined or semi-confined, where the lateral and vertical facies variations are responsible for significant 
changes in hydrogeological conditions. The observations of the tidal effect on the piezometric levels in 
the tested area allowed estimating the hydraulic diffusivity of the aquifer. 
Legend:  
Site investigation location
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According Caldeira et al, 2012, the diffusivity of this aquifer system, considering the drenancy, is 
18.344m2/h, the drenancy factor is 432 m2, and U is 2,1416. The obtained result is compatible with an 
hydraulic conductivity of 5×10-5 m/s (equivalent to 0,18 m/h), a 10m thickness and a storage coefficient 
of 10-4. The obtained diffusivity value is clearly compatible with a semi-confined aquifer system. 
Groundwater studies defined the local hydrological system as an aggressive environment due to its low 
pH varying between 2.9 and 4.1, which is mainly related with the ground and groundwater high 
concentration of sulphates. 
4 The Site Investigation 
In the area where the tests took place, an industrial complex worked for more than a half-century, 
having as its core business the manufacture of fertilizers and sulfuric acid (from massive polymetallic 
sulphides). The in situ methodology of soil and groundwater remediation used zeroǦvalent iron 
nanoparticles (nZVI) NANOFER25S (Caldeira, 2012).  
According the available data the area where the pilot tests were conducted has an industrial 
background with a strong presence of heavy metals, namely Zinc, Copper, Lead, Arsenic, sulphates and 
nitrates. The implementation of the in situ testing was preceded by the physical and chemical 
characterization of soils, groundwater and lixiviates produced by contaminated soils. 
Some of the recorded values significantly exceed the concentrations considered to limit the use of 
land, requiring that it will be transported to landfill of hazardous waste, dangerous or not depending on 
the effective concentration of the different compounds. 
Nevertheless the analysis performed for the presence of contaminants in the soil were also analyzed 
in water samples taken in the piezometers installed in the various testing areas, working as blank values 
for further comparison after the application of nZVI. With the perspective of being able to reduce or 
minimize the presence of these compounds in that soil matrix, or even to stabilize their chemical 
behavior in order to greatly reduce the leaching process and the presence in the aqueous phase, it was 
developed the remediation project with use of nZVI, whose implementation plan and then control will 
be described. According the available data, the conceptual model of the site can be summarized in the 
figure 4, regarding the water flow direction, the position of the contaminated area and the progressive 
contaminants dispersion. From the conceptual model for the contaminated zone an injection 
plan/monitoring was implemented not to allow only the assessment of the effect downstream and in the 
flow direction of groundwater, but also in the opposite direction, upstream, evaluating the mobilization 
capacity of the nanoparticles in different directions from the injection point. 
 
Figure 4 – Conceptual site model of the contaminated area. 
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4.1 Site Injection Method and Monitoring 
Three different zones have been prepared for the nZVI application. 
Using a mechanical drilling rig adapted for the injection process the nZVI have been injected at 
different depths, in the saturated horizon using different slurry concentrations for the different zones: 1, 
3 and 7g nZVI/L of water. 
Considering the direction of the groundwater flow it was decided to inject in a middle point which 
would be at the same distance between the upstream and downstream monitoring points. Therefore the 
distribution of the monitoring points to evaluate the injection method effect, was three meters distance 
between monitoring wells (figure 5). 
 
 
Figure 5 – Scheme of nZVI application procedure (Gonçalves, 2014) 
 
Piezometers were installed in the test areas, with a specific distribution in order to assess: 
a) The nanoparticles mobilization capacity in saturated environments; 
b) The local hydrodynamic flow influence in the dispersion of nanoparticles; 
c) The relationship between nZVI concentrations in the injected solution and the decreasing of 
contaminants concentrations; 
Knowing the limitations of the nZVI mobility and considering the effect of the low groundwater 
flow, it was decided to install the monitoring points at a maximum distance from the injection point of 
3m. 
4.2 Results 
The evolution of some major pollutants was generally favorable with a sharp decrease in the first 
days after the application of nZVI, assuming that this effect was mainly due to the significant reactivity 
which occurred immediately after injection in the soil and consequently the effect that occurred in the 
aquifer surrounding environment (see tendency lines, figure 7). Visible especially in the closer 
monitoring piezometers of the injection point (Caldeira, 2012). 
Despite the significant amount values for all the monitoring points available for consultation, in this 
work it was intended to highlight the most relevant aspects, considering the initial value as the baseline 
obtained from collected water samples in the three zones, between the average concentrations of 
elements before and after the nZVI injection in the three piezometers downstream of the injection point. 
It is observed that the injection trials (3g/L of nZVI) revealed better average results than the observed 
in zone (7g/L of nZVI). These data are contrary to the behavior observed in the laboratory where to 
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obtain a stable behavior and prolonged reducing effect of nZVI, it was necessary to increase the 
concentration of the solution (figure 6). 
 
 
Figure 6 – Laboratory results for Zn, Pb and Co for a period of 58 days, with 7.1g/L nZVI addition 
 
It is observed also after a significant decrease in the concentration of most heavy metals, there was 
a stabilization of the values which reflects also a stabilization of the reducing effect caused by nZVI. 
Considering the half time of the investigation process and for almost all the referred elements, the 
reducing concentration of each element passes over 60% below the initial concentration. However it is 
observed in a comprehensive way, and after several weeks of monitoring, an elevation of contaminants 
to levels close to the initial, but still below baseline values, contributed to this the renewal effect that 
this type of hydrogeological system provides (figure 7). In this pilot study it was found that there is a 
tendency to decrease the concentration of a part of the sulphate in the aquifer after the injection of nZVI, 
which usually correlates with a decrease of various metals in solution. The effect of the nZVI was 
reflected in the sulfate ion reduction and subsequent precipitation of the metals as sulphides. 
The progressive oxidation of the Fe particles and consequent precipitation of Fe (III) in the hydroxide 
form, rather than the hypothetical sulfate reduction, iron hydroxides formation ensures the existence of 
a solid phase with high surface area and adsorption capacity with which the metals in solution have high 
affinity. 
The adsorption of metals is clearly more favorable in alkaline pH and, in this aspect, the recorded 
values revealed that the pH increase, although very tenuous, will have influenced the degrading action 
of nanopatículas of some of the present metals. Moreover the pH increase is due in particular to the 
reductive action of nZVI acting not as the metals reducing agent but as facilitating the hydrogen 
production for the environ and so been consumed in a  function for which they were not intended. It 
occurs and thus for these more aggressive environs, a corrosion effect of the nanoparticles which 
degrade more easily, not fulfilling as effectively should the function for which they were applied.  
 
Figure 7 – Time evolution of some of the contaminants concentration. 
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5 Conclusions 
Despite the minor effect of the nanoparticles in some contaminants elements it was consensual that 
this kind of methodology for the soils and groundwater remediation purposes act in real time reducing 
the available concentration of these heavy metal. Some recent studies have described the surrounding 
environment as the main responsible for the less expected effect of the nZVI in the remediation process, 
whether related with the renovation of the general environmental system or with the remobilization of 
the chemical elements due to the injection or simple delivery process of the nZVI solution. 
Is generally consensual that the increasing of the contaminant elements concentration, in this 
particular case, after four months of monitoring, is due to the renovation of the hydraulic system which 
have contributed to the renovation of the leachate process and so to the heavy metals transport into the 
aquifer. According the same laboratory tests that recently have been prepared in the Liberec University 
of Czech Republic the corrosion effect of the low pH of the Barreiro groundwater aquifer degraded 
rapidly the nZVI which have contributed also for the less expected effect on the nanoparticles heavy 
metal degradation. Effectively there are always options which are related with the increasing of the local 
pH by adding an hydroxide as the Ca(OH)2 or Na(OH), obviously increasing the costs of all remediation 
process, but with no doubts creating a better environment for the effective reaction of the nanoparticles 
and consequently an effective remediation process of the natural ground and aquifer system. 
Despite all described actions and satisfactory preliminary results it is important to continue these 
investigation processes by using different nanoparticles in eventual different contaminant contexts and 
the Industrial Barreiro site could be a large scale laboratory for these kind of investigation purposes. 
An optimization of the nanoparticles effect on the heavy metal soil and groundwater contamination 
may pass by using a cocktail of different products based on nZVI or other, but with more resistance and 
maintenance in the environ increasing the possibility of a more durable effect on the contaminants 
degradation. Recent laboratory studies gave quite interesting answers and guidelines for this important 
and useful method for soils and groundwater remediation. 
The urgent need for low cost and effective solutions that enable the in situ recovery of contaminated 
sites implies the necessity of using new technologies with efficiency and low impact on the surrounding 
environment. The use of nZVI is definitely a new approach for this desideratum. 
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